Four strains of 'knockout' mice, each with a different gene inactivated, have been found to show increased aggressive behavior. The generation of such knockout strains and quantitative trait locus analysis will help identify the genetic determinants of this complex trait.
Behavioral geneticists have also been interested in aggressiveness, because genes play an obvious role in its expression. This has long been evident to breeders of domestic animals, such as dogs, some strains of which have been selected for docility or a tendency to attack. The informal observations of breeders, and a few systematic studies of the patterns of inheritance of aggressiveness, indicate that this complex trait is likely to be influenced by many genes -making it a polygenic or quantitative trait.
Methods are currently being developed to identify major genetic loci that contribute to such quantitative behavioral traits in favorable mammalian subjects, such as mice, by searching for quantitative trait loci (QTL) in strains that have been selectively bred to display a phenotype of interest. This approach has recently been applied with some success to a complex psychological trait in mice called 'emotionality' [1] . But such linkage analysis provides only a crude chromosomal localization; and the next step, identifying the relevant genes by positional cloning, remains a challenging task.
An alternative approach to the identification of genes involved in specific patterns of mouse behavior is based on the generation of 'knockout' mouse strains. These strains are generated through the targeted disruption of genes by homologous recombination in embryonic stem cells. In some instances, this 'knockout' approach has been taken deliberately to analyze the roles of molecules already implicated in a behavior of interest. In other instances, marked behavioral changes have been an unanticipated consequence of gene inactivation.
A recent, and dramatic example, of an unanticipated increase in aggressiveness after a genetic knockout, involved mice with a targeted mutation of the gene for the neuronal form of nitric oxide synthase (nNOS) [2] . This enzyme is widely distributed in the central nervous system [3] , where it generates the diffusible gas nitric oxide (NO), thought to participate in neuronal signaling. The first inkling of increased aggressiveness came from the discovery of elevated death rates among homozygous mutant male (but not female) mice that were housed in small groups under standard laboratory conditions (Fig. 1) . The increased aggressiveness of the males was then demonstrated with a standard resident-intruder experimental paradigm, in which the reactions of an isolated mutant or wild-type animal to an intruder mouse are observed under controlled conditions. The mutant males were also found to be much more persistent than wildtype mice in mounting unreceptive females.
But the nNOS knockout mice are not the first to show altered aggressive responses. For example, another hyperaggressive strain was inadvertently generated by the insertion of a transgene into the gene for monoamine oxidase A (MAOA) [4] , an enzyme that degrades the neurotransmitters serotonin and norepinephrine. As with the nNOS knockout mice, the increased aggressiveness of the MAOA mutant mice was indicated by the large percentage of mutant males that become wounded under standard group housing conditions; and this was confirmed by markedly elevated levels of offensive aggression by mutants in the resident-intruder assay.
The MAOA mutants were also similar to the nNOS mutants in the increased copulatory behavior of males with non-receptive female mice. But, in contrast with the nNOS mutants, the MAOA mutants showed more global behavioral abnormalities, presumably reflecting marked alterations of serotonergic and noradrenergic neurotransmission. The fact that humans with an inactive MAOA gene also show increased impulsive aggressiveness and sexual aggressiveness [5] demonstrates the potential relevance of mutant mouse models to human behavior, although the rarity of the human mutation indicates that we must look elsewhere for genetic (and other) influences that contribute to most such misconduct.
A hyperaggressive phenotype has also been demonstrated for mutant male mice that lack the 5-HT 1B subtype of serotonin receptor [6] . This receptor has been implicated in a variety of physiological and behavioral effects of serotonin, and is expressed in numerous brain regions [7] . Evidence for increased aggressiveness was found in the reduced latency and increased frequency of attacks on a normal intruder introduced into a cage where a mutant was housed. But, in contrast with the nNOS and MAOA mutants, males lacking the serotonin receptor showed no increase in fighting under standard group housing conditions. Another gene implicated in aggressive behavior by a gene knockout experiment is the one that encodes the enzyme calcium-calmodulin kinase II (CamKII) [8] , which participates in some intracellular responses to neurotransmitter release. As with the nNOS and MAOA mutants, male mice with an inactivated CamKII gene had a greater tendency to fight with each other when housed together. But unlike the other mutants, this effect of the disruption of the CamKII gene was only apparent in heterozygotes. These showed complex behavioral effects, including heightened offensive aggression, normal defensive aggression, decreased fear-related responses and decreased copulation. In contrast, homozygous CamKII mutants showed global behavioral impairment.
The discovery of so many hyperaggressive mutant strains in the course of gene knockout experiments highlights the remarkable diversity of genes that may be involved in the genetic determination of this behavioral trait. A challenging goal will be the identification of the neural mechanisms that underlie the heightened aggressiveness in these animals. In each of the studies described above, perturbations of serotonergic systems were proposed to underlie enhanced aggressiveness; but a direct causal role for this neurotransmitter system remains to be demonstrated. Further complicating the interpretation of these results is the fact that normal gene products are lacking in the mutant mice from the time of conception: it is therefore unclear whether behavioral abnormalities reflect the normal adult role of the gene product or an indirect consequence of altered development. An alternative approach that is receiving a great deal of attention is the development of systems permitting the inducible disruption of genes in adult animals that have undergone normal development.
Attempts to unravel the genetic basis of aggressiveness must also address the complex nature this trait, which is expressed in many different forms. Such forms can be distinguished by specific testing procedures that identify particular categories of aggression, such as isolationinduced offensive aggression, defensive aggression, predatory aggression (such as insect killing), shock-induced (irritable) aggression, and infanticide. Furthermore, that these specific forms of aggressiveness may have different genetic bases is indicated by the finding that an inbred mouse strain that is inclined to one form of aggressiveness need not be inclined to another [9] .
Despite the usefulness of gene knockout strains in identifying particular genes and gene products that may be involved in aggressiveness, this approach is limited to known candidate genes. Due to the complexity of the regulation of aggressiveness, it is difficult to predict which genes account for the variability of this trait in normal populations, and whether they will turn out to include those genes implicated by the knockout experiments. Toward this end, QTL analysis, although more technically challenging than the generation of knockout strains, should ultimately prove to be an important complementary approach. For it is likely that identification of the particular alleles of the various genes that influence aggressiveness in inbred strains will tell us quite a lot about the individual variations in aggressiveness in a normal population. And it would not be surprising if much that was learned about knockout strains and QTLs for aggressiveness in mice proved to be directly applicable to our understanding of human nature.
